The effective thermal conductivity of air-impregnated gels of various air and water contents was measured at 20°C by the steady heat flow method, and the applicability of the sphere dispersion heat conduction model (the Maxwell-Eucken model) was studied. The Maxwell-Eucken model gave a fairly good approximation for the effective thermal conductivity of air-impregnated gels of the lowest water content, but that of air-impregnated gels of higher water content was underestimated by the Maxwell-Euckenmodel. In addition to that, the effective thermal conductivity of the air-impregnated gels of the highest water content at 40°C exceeded the maximumlimit expected by the parallel layers heat conduction model. These facts suggested the existence of some heat transfer mechanismother than heat conduction and the significant role of water in it. To explain the discrepancy in applicability of knownheat conduction models, a model of heat transfer in air-impregnated gels, which includes heat transfer by water vapor, is presented and discussed.
Knowledge of the effective thermal conductivity of food materials is important not only for the optimum design of processing equipment, but also for the prediction and the control of various changes within thermally processed food materials. For baked products, however, information regarding the effective thermal conductivity is scarce and the systematic understanding of the data is not enough as shown in a recent review.1* Baked products are a kind of porous food materials, which macroscopically consist of a wet solid phase as a continuous phase and a gas phase as a dispersed phase.2) For such heterogeneous two-phase mixtures, many structural models of heat conduction through them have been proposed as reviewed by Murakami and Okos.3) To select the most appropriate heat conduction modelfor porous food materials, the thermal conductivity of each phase should be known. However, it is difficult to evaluate the thermal conductivity of the solid phase of a real porous food, dough without containing air for example, though some effort in the estimation has been made. 4) 1375 This is one of the reasons why the systematic understanding of the effective thermal conductivity data of such porous food materials as baked products is not good enough. Another reason is the complexity of heat transfer mechanisms. Miles et al.5) pointed out that heat transfer in porous foods is a complicated process involving not only heat conduction but radiation, convection, and evaporation and condensation of vapor. Though the effective thermal conductivity compensated for the contributions of heat transfer mechanisms other than conduction is useful in heat transfer calculations, the contributions of such different mechanisms to the effective thermal conductivity should be distinguished and evaluated for the systematic understanding.
A possible approach to the systematic understanding of effective thermal conductivity data is to select the applicable heat conduction model in the first place using a model porous system, in which a solid phase of known thermal conductivity is contained and heat is transferred by conduction alone. For this purpose, air-impregnated gels of extremely low water content will do because the thermal conductivity of the gel phase can be directly measuredand the low water content prevents evaporation of water. Convective and radiative heat transfer can be suppressed by choosing the conditions of measurement. The objective of this study is to analyze the effects of air and water contents on the effective thermal conductivity of air-impregnated gels, and to find an appropriate heat conduction model for air-impregnated gels in which heat is transferred only by conduction.
Since an air-impregnated gel can be considered as a two-phase dispersion system consisting of a gel as a continuous phase and air bubbles as dispersed spheres, the following sphere dispersion heat conduction model, the MaxwellEucken model,6) may be applicable to their effective thermal conductivity as in the case of paraffin-or oil-impregnated gels shown in our previous paper.7)
where kc is the thermal conductivity of the gel,
Xd that of air, XQ the effective thermal conductivity, and <\> the volume fraction of air.
Therefore, the experimental data for the gels of various air and water contents are compared with the Maxwell-Eucken model, and heat transfer mechanisms in air-impregnated gels are also discussed.
Materials and Methods
Preparation of air-impregnated gels. Gelatin solution was prepared by dissolving gelatin powder (Nacalai Tesque, Inc.) in distilled water at 75°C. Into this solution, fine air bubbles were dispersed with a mixer (Mixmaster, Sunbeam). As the temperature of the air-impregnated sol was reduced, bubble migration was retarded. Then the sol was packed in a container and stored overnight at 5°C. To make gels of lesser water contents, 70.6g of gelatin powder was dissolved in 400ml of an aqueous glycerol solution of 30 to 85% (by volume) at 80°C. Fine air bubbles were dispersed into this solution, and the airimpregnated sol was packed and stored as described above.
Agar-gelatin mixed gels were also used to makeairimpregnated gels of the highest water content as follows. Agar powder (Nacalai Tesque, Inc.) was dissolved in distilled water by heating up to boiling with condensed water refluxing, followed by addition of gelatin powder at about 50°C. Fine air bubbles were dispersed into this mixed solution, and the air-impregnated sol was packed and stored. The gravimetric compositions of the gels used in this study were listed in Table I . They were compensated for the water contents of the original gelatin and agar powders measured by heating at 105°C for 3hr.
Volumefraction of air. The volume fraction of air was calculated from the density of each gel.
Measurement of effective thermal conductivity. The effective thermal conductivity of each gel was measured by the steady heat flow method with a Shotherm RTM-G5
(Showa DenkoCo., Ltd.). The details of the measurement were described elsewhere.7) The temperature gradient applied to the sample was between 250 and 500K/m in all measurements.
Results
Thermal conductivity values of gelatin gels and gelatin-glycerol gels without air bubbles were measured at 20°C and shown in Table I . The values in Table I were used as Ac for the following analysis on effective thermal conductivity data of air-impregnated gels. represented by the following equation. Figure 2 shows the effect of the water content of the gel phase on the value of XJXCfor air-impregnated gels of 0~O.5 at 20°C. When the weight fraction of water was greater than 0.5, the experimental value ofXJkc was almost constant and approximated by the parallel The effective thermal conductivity of airimpregnated agar-gelatin mixed gels containing 96.6% water was measured at 20°C and 40°C to show the effects of temperature, and the results are shown in Fig. 4 . As in the case of air-impregnated gelatin gels shown in Fig. 1 , the effective thermal conductivity of airimpregnated agar-gelatin mixed gels at 20°C wasapproximated by the parallel layers heat conduction model. Though the parallel layers heat conduction model gives the maximum limit of the effective thermal conductivity, the effective thermal conductivity of the airimpregnated gels measured at 40°C was much greater than this maximum limit.
Discussion
The thermal conductivity values of gelatin gels listed in Table I For air-impregnated gels of higher water content, however, the effective thermal conductivity was underestimated by the Maxwell-Eucken model and approximated by the parallel layers heat conduction model as shown in Fig. 1 . Compared with the case of the lowest water content, this suggests the effective thermal conductivity of those air-impregnated gels may involve the contribution of heat transfer mechanisms other than conduction. If heat flows through a mixture only by conduction, the effective thermal conductivity of the mixture must not exceed the maximum limit expected by the parallel layers heat conduction model. However, the effective thermal conductivity of air-impregnated gels of the highest water content measured at 40°C was muchgreater than this limit. This clearly indicates the existence of some heat transfer mechanism other than conduction. But convective and radiative heat transfer were negligible in these measurements. Considering the influence of the water content on the applicability of the Maxwell-Eucken model shown in Fig. 2 , water must be concerned somehow in the heat transfer.
The heat transfer mechanism, in which water is concerned, maybe considered as follows.
According to the gradient of water vapor pressure caused by the temperature gradient, water vapor diffuses in a pore space. At the same time, evaporation and condensation of water take places at the interface of the pore. Thus the latent heat of evaporation of water is 
